D
uring the past two decades, peripheral T cell homeostasis has been studied extensively. Numerous groups have suggested that permanent interactions between T cells and self-peptide͞self-MHC molecule complexes are required for T cell survival in the periphery (1) (2) (3) (4) (5) . Together with thymic generation, such interactions would regulate the size of the peripheral T cell pool. Mice deficient for the expression of MHC class I and͞or MHC class II molecules have been used to address the role of self-peptide͞self-MHC molecule complexes in the viability of peripheral T cells. Adoptive transfer of mature T cells, thymus grafts, or more elegant experimental systems in which MHC molecules were transiently expressed in the thymus have been used to study this issue. Most of the studies of CD4 ϩ T cell survival have been performed by using I-A ␤ -deficient H-2 b mice (A ␤ Ϫ/Ϫ mice) as MHC class II-deficient hosts (4) (5) (6) (7) (8) (9) (10) . Indeed, in H-2 b mice, a point mutation in the I-E ␣ gene precluded the synthesis of the functional corresponding protein and subsequent expression of the MHC class II molecule I-E. By disrupting the I-A ␤ gene in these mice, one can expect the lack of expression of conventional MHC class II molecules.
First, on the basis of the disappearance of CD4 ϩ T cells in these mice, survival of peripheral CD4 ϩ T cells was proposed to depend on permanent interactions with MHC class II molecules expressed on peripheral antigen-presenting cells (APCs) (4, 5, 7) . Nevertheless, two different groups have recently observed that CD4 ϩ T cells disappeared with similar kinetics in both normal and A ␤ Ϫ/Ϫ mice (8, 9) . On the basis of these findings, these investigators have concluded that survival of peripheral CD4 ϩ T cells did not depend on T cell antigen receptor (TCR) signaling induced by recognition of selfpeptide͞self-MHC molecule complexes.
Another concept concerning naive T cells has also been challenged by new findings. The fact that naive T cells do not cycle in the periphery of normal adult mice in the absence of antigenic stimulation has been considered to result from the process of negative selection in the thymus. However, it has been shown recently that naive T cells proliferate in response to self-peptide͞ self-MHC molecule complexes in neonatal mice (11) and after transfer into lymphopenic hosts (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Coinjection of an excess of CD4 ϩ or CD8 ϩ T cells inhibits the proliferation of naive CD4 ϩ T cells in these circumstances (14, 23) . These results suggest a role for intercellular competition in setting the threshold for naive T cell proliferation. The question arises as to whether such a competition also has an influence on T cell survival.
For (11, 21) , and C57BL͞6 CD3͞A ␤ ͞␤ 2m triple-deficient mice (CD3 (11) were maintained in our animal facilities. MHC II ⌬/⌬ mice were originally purchased from The Jackson Laboratory.
Adoptive Transfer of T Cells. Lymph node cells were depleted of macrophages, granulocytes, and CD8 ϩ or CD4 ϩ T cells by incubating them first with anti-CD11b (Mac-1) Ab, anti-GR1 (8C5) Ab, and anti-CD8 (Lyt-2) or CD4 (GK1.5) Ab, and then with magnetic beads coupled to anti-rat Ab (Dynal, Great Neck, NY). B cells were removed by using magnetic beads coupled to anti-mouse Ig Ab (Dynal). Purified CD4 Cell Surface Staining and Flow Cytometry. Lymph nodes and spleen were pooled, homogenized with a nylon cell strainer (Falcon) in PBS͞5% FCS͞0.2% NaN 3 , and then distributed in 96-well Ubottom microplates (8 ϫ 10 6 cells per well). Staining was performed on ice for 30 min per step.
Antibodies were purchased from PharMingen unless otherwise indicated. The following antibody combinations were used: for four-color analysis, phycoerythrin anti-TCR ␤ , fluorescein isothiocyanate anti-CD8, PercP anti-CD4, and biotinylated anti-CD44 or anti-CD69 with allophycocyanin-streptavidin development (PharMingen); for characterization of transferred CFSE-labeled lymph node CD4 ϩ T cells, PercP anti-CD4, and biotinylated anti-TCR ␤ , anti-CD5, anti-CD44, anti-CD62L, anti-CD69 or anti-Ly5.1 with allophycocyanin-streptavidin development (PharMingen).
Four-color immunofluorescence was analyzed by using a FACSCalibur cytometer (Becton Dickinson). List-mode data files were analyzed by using CELLQUEST software (Becton Dickinson). . The initial recovery of transferred cells from lymphoid organs was similar in these two hosts (day 2 after transfer; Fig. 1A ). The absolute number of donor CD4 ϩ T cells was strongly diminished in A ␤ Ϫ/Ϫ mice 14 days after transfer when compared with the number seen immediately after transfer to these hosts ( Fig. 1 A) . Thus, similar to other groups, we found that CD4 ϩ T cells do not sustain their numbers after transfer to A ␤ Ϫ/Ϫ mice. Surprisingly, CD4 ϩ T cells did not rapidly disappear after transfer into CD3 Ϫ/Ϫ A ␤ Ϫ/Ϫ mice ( Fig. 1 A) . Indeed, the number of recovered CD4 ϩ T cells increased 10-fold during the first 2 weeks after transfer to reach a plateau (Fig. 1B) . Consistent with this evidence for cell division, most CD4 ϩ T cells increased in size as assessed by forward cell scatter 2 weeks after transfer (Fig. 1C) . Two days after transfer, the CD44 expression on recovered CD4 ϩ T cells was lower than before injection, but the surface level of this molecule slowly increased with time to the level typical of effector CD4 ϩ T cells. Such a slow up-regulation did not fit with a preferential expansion of preexisting memory cells within the injected CD4 ϩ T cell populations. Indeed, transferred CD4 ϩ T cell numbers increased rapidly during the first 2 weeks after transfer, whereas CD44 up-regulation occurred progressively and was maximum only after 4 months in the recipient animals. Concomitant with this increase in CD44, transferred CD4 ϩ T cells progressively down-regulated their cell surface TCR level and up-regulated the early activation marker CD69 (Fig. 1C) .
Results

Peripheral
Taken together, these findings indicate that CD4 ϩ T cells in mice. The proliferation of injected cells was studied during the first month after transfer. No cells underwent division for the first 2 days after transfer ( Fig. 2A) . Surprisingly, 5 days later, in both recipient mice, half of recovered cells had completely diluted the intracytoplasmic dye, whereas the others had undergone either no or only a single-cell division.
Absolute numbers of recovered CD4 ϩ T cells then were calculated as a function of their CFSE-labeling status (Fig. 2B) . In both recipient mice, the absolute number of CD4 ϩ T cells increased strongly during the first 2 weeks to reach a plateau. This increase was clearly due to the rapid proliferation of a minority of injected cells, whereas the bulk of transferred CD4 (Fig. 2C) . The expression of CD69, the up-regulation of CD44, and concomitant TCR and CD62L down-regulation were mice, E ␤ chain and A ␣ chain associate to form a hybrid MHC class II molecule. Therefore, 5 million CFSE-labeled lymph node CD4 ϩ T cells from C57BL͞6 Ly5.1 mice were injected into irradiated A ␤ Ϫ/Ϫ mice and into irradiated MHC II ⌬/⌬ mice (Ly5.2), the latter mice lacking the expression of both ␣ and ␤ chains of I-A and I-E MHC class II molecules (24) (Fig. 4) . Fourteen days after transfer into MHC II ⌬/⌬ mice, no CFSE (Fig. 4) . By contrast, both proliferation and survival of CFSE ϩ CD4 ϩ T cells did not differ between both types of recipient mice. These results suggest that the expression of MHC class II molecules is not a prerequisite for short-term survival and slow proliferation of the bulk of CD4 ϩ T cells transferred to lymphopenic hosts (CFSE ϩ CD4 ϩ T cells). (Fig. 1 A) , whereas the majority of these cells (CFSE ϩ CD4 ϩ T cells) survived independently of the expression of MHC class II molecules in hosts lacking T cells (Fig. 4B) . We therefore investigated whether the presence of T cells (particularly CD8 (Fig. 5 A and B) . Thus, CD8 ϩ T cells are not involved in controlling proliferation of the few CD4 ϩ T cells that give rise to the CFSE (Fig. 6 B and C) . Such results demonstrate a role of MHC class II molecules in the peripheral maintenance of CD4 ϩ T cells in a nonlymphopenic environment. (Fig. 7A) , and therefore, CD8 ϩ T cells would not be expected to interact with them in a TCR-dependent manner. We first verified that CD8 ϩ T cell recovery was not significantly different between the two groups of recipients with 18 ϫ 10 6 CD8 ϩ cells recovered in simple chimeras versus 16 ϫ 10 6 in mixed chimeras. As expected from previous experiments (Figs. 5 and 6 ), the strong proliferation and resulting expansion of some injected CD4 ϩ T cells were not affected by the transfer of CD8 (Fig. 7 B and  C) . By contrast, CD4 ϩ T cell number was maintained in the presence of CD8 ϩ T cells in mixed chimeras (Fig. 7C) . The survival of CFSE T cell expression of CD5 and CD44 remained unchanged in mixed chimeras, whereas both proteins were down-regulated significantly at the cell surface of the bulk of transferred CD4 ϩ T cells in simple chimeras (Fig. 7D) . (Fig. 3) . Nevertheless, such a proliferation could also be observed in the complete absence of expression of MHC class II molecules (MHC II ⌬/⌬ mice, Fig. 4) . These results suggest that other stimuli that TCR signaling could mediate the proliferation of the bulk of CD4 ϩ T cells transferred into lymphopenic hosts. Cytokines such as IL-7 could explain these results. Indeed, several groups have recently proposed that IL-7 would be required for ''homeostatic'' proliferation of the bulk of CD4 ϩ T cells (30) (31) (32) (33) .
Discussion
By using irradiated MHC II ⌬/⌬ mice, we showed that short-term survival of CD4 ϩ T cells did not depend on interactions with MHC class II molecules in lymphopenic hosts. As proposed by other groups (31, 34) , in lymphopenic hosts, soluble factors such as IL-7 could be concentrated enough to allow the maintenance of the CD4 ϩ T cell pool. Nevertheless, MHC class II molecules play a role in the peripheral maintenance of CD4 ϩ T cells in a nonlymphopenic environment. Indeed, CD8 ϩ T cells inhibited the survival of the bulk of CD4 ϩ T cells (CFSE (Fig. 7) . Nevertheless, MHC class I molecule expression by APCs was not required by itself for CD4 ϩ T cells to survive in (Fig. 3C) . Thus, CD8 ϩ T cells act not only by consuming circulating cytokines but also by surrounding APCs. Our last experiment by itself does not permit a definite conclusion on the nature of the molecule expressed by APCs with which CD4 ϩ T cells need to interact to survive in CD8 ϩ T cell-containing CD3
mice. Nevertheless, as said above, interactions with MHC class II molecules are crucial for CD4 ϩ T cell survival in the presence of CD8 ϩ T cells (Fig. 5 versus Fig. 6 ). Thus, it is logical to postulate that by surrounding APCs, CD8 ϩ T cells would reduce the ability of CD4 ϩ T cells to interact with the self-peptide/self-MHC molecule complexes presented by APCs. Moreover, such a hypothesis would explain the strong correlation observed in our model between CD4 ϩ T cell survival and CD5 surface expression. Indeed, CD5 expression has been shown to be adjusted to reflect TCR contact with self-peptide͞self-MHC molecule complexes (35) . Thus, the decreased expression of CD5 by transferred CD4 ϩ T cells in the presence of CD8 ϩ T cells confirmed that in these conditions, the majority of CD4 In normal mice, intercellular competition for circulating cytokines, accessibility to APCs and for limited amounts of specific self-peptide͞self-MHC molecule complexes sets up the threshold for peripheral T cell survival and ''homeostatic'' proliferation. Tolerance to self thus would depend on the maintenance of the size of the peripheral T cell pool. Homeostasis of the peripheral T cell pool might be not only a guarantee for preventing foreign danger but also to maintain tolerance to self. The fact that lymphopenic individuals are known to be at much higher risk in developing certain autoimmune diseases supports such a hypothesis (36) (37) (38) .
